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SUM5ARY 


Tests  vv'ere  made  in  the  Langlejr  two-dimensional  low- 
turbulence  tunnels  of  an  NACA  655-I4-I8,  a  =  1,0  airfoil 

section  with  roughness  in  the  form  of  carborundum  grains 
applied  to  the  leading  edge.   Roughness  grains  having 
average  diaraeters  of  O.OOO5  and  O.OOO7  airfoil  chord  were 
applied  to  the  leading  edge  of  the  wing,  and  lift  and 
drag  measurements  were  made  for  a  range  of  Reynolds  num- 
bers from  0.23  to  3.0  X  100.   From  a  comparison  of  data 
obtained  in  the  present  tests  with  data  obtained  in  tests 
of  the  smooth  wing,  m.arked  reductions  in  maximum  lift 
coefficient  were  found  to  be  caused  by  the  roughness 
thiToughout  the  test  range  of  Reynolds  number.   The  drag 
coefficient  at  the  design  lift  coefficient  increased 
sharply  and  the  lift-curve  slope  decreased  rapidly  at  a 
critical  Reynolds  number  that  depended  upon  the  size  of 
the  carborundum  grains.   This  critical  Reyno],ds  number 
occurred  at  approximately  O.5O  and  0=.70  x  10°  for  the 
O0OOO3-  and  tiie  0  .OOOY-chord-diameter  roughjaess  grains, 
respectively.   With  roughness,  a  decrease  in  maximum  lift 
coefficient  as  great  as  0.2,  a  decrease  in  lift-curve 
slope  of  O0O28,  and  an  increase  in  drag  coefficient  at 
the  design  lift  coefficient  , of  O.OO7  were  observed  at  a 
Reynolds  number  of  1.0  x   10^.   For  the  smooth  wing  at  the 
same  Reynolds  number,  the  maximum  lift  coefficient 
was  1.19,  the  lift- curve  slope  v/as  OCII65  and  the  drag 
coefficient  v/as  O.OO77.   At  Reynolds  numbers  greater  than 
1.0  X  106,  the  scale  effect  on  the  lift  and  drag  charac- 
teristics of  the  section  with  both  degrees  of  roughness 
was  generally  in  the  aaxiie   direction  as  the  effect  on  the 
lift  and  drag  characteristics  of  the  smooth  airfoil. 
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Sevei'al  investigations  have  been  made  in  the  past  to 
determine  the  effects  of  Reynolds  nujnter  on  the  aerody- 
namic cha.racteristics  of  various  airfoil  sections.   A 
recent  investigation  ^vas  made  (reference  1)  to  determine 
the  effects  of  both  Reynolds  nusTiber  and  stream  turbulence 
on  the  lift  and  drag  of  a  smooth  NaCA  6- series  airfoil 
section. 

The  present  investigation  v;as  made  to  determine  the 
effects  of  Reynolds  number  on  the  lift  and  drag  charac- 
teristics of  an  NAC.^  6-sei'les  section  with  a  roughened 
leading  edge.   Tests  were  made,  therefore,  of  the 
NACA  653-14-185  a  =  1.0  airfoil  section  in  the  Langley  two- 
dimensional  low- turbulence  tunnels  over  a  range  of  Reynolds 
number  from  0.25  to  5-0  ^  10^'.   Lift  and  drag  measure- 
ments were  m-ade  at  several  Reynolds  numbers  in  this  range 
with  two  degrees  of  roughness  applied  to  the  leading  edge 
of  the  airfoil- 

Although  the  data  presented  herein  and  in  reference  1 
are  quantitatively  correct  only  for  the  NACA  653-1+18  air- 
foil section,  the  effects  of  Reynolds  nvjiiber  and  roughness 
would  probably  be  in  the  same  general  direction  and  of 
approximately  the  same  order  of  magnitude  for  other 
NACA  65-serles  airfoil  sections  that  do  not  differ  greatly 
in  thickness  and  ca^iiber  from  the  NACA  653-iil8.   These 

results  are  also  helpful  in  properly  evaluating  the  merits 
of  lo'.v-scale  test  data. 


SYIvIBOLS 

G^  section  lift  coefficient 
Cfj  section  drag  coefficient 
Cj.      design  section  lift  coefficient 

C7      maximAim  section  lift  coefficient 

max 

c       airfoil  chord 
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R       Reynolds  number 

^o      section  angle  of  attack 

MODELS  AND  TEST  METHODS 

o   correspond  to  the  oramates  of  the  NACA  65^-itiS   a  =  1  Q 
airfoil  section.   Ordinates  for  this  aiT^fn.-i  i^^^-' 
presented  in  reference  ?    a^L^     i   2^  section  are 
is  .^oresente?  fn  fi|ure  t  '^^°t°S^^Ph  of  the  model 

grainf  of'^'Srv!n%?'"^\^^''?  ^'^  applying  carborundum 

wl?h  shellac^  ?^V  if  ^i^"^  ^°  ""^^    ^^^^^"g  ^^S^  °f  the  wing 

Of  thf  :^^?:ii  ^rT^i;T^f^i:^  ^Ll;ir^^^- 

coverea  approximately  10  percent  of  the  rouShSned  are^ 

ron^yix^ss      t^e   nf^:.-^        is  larger  than  the  standard 
J.  ju.^-iiiobo  ,  tne  otner  is  smaller  = 

iow-tS?Li:s^:rssLr?Lif.2L^^?f^faS°if^hrr^^^ 

nated  i^T).   Both  tunnels  are  3   i^eet  wide  and  7I  feet  high  and 

v;ere  designed  to  test  models  completely  spannin^-  the  let 

Iy   aSt-e'a'iT'-''^"-   "^"^^  ^^^^^^^  are^cSaracterLed 
of  the  orderof  rf""^  exceptionally  low  turbulence  levels, 
01  tne  order  of  a  few  hundredths  of  l  percent   Tift 

TnllZTe^Pn^'''   ""^^  '^^  ""  arrangement  Ssigned'to 
cel?fnf of^  ?>  pressure  reactions  along  the  flSor  and 

mea^;?Sd  L  fS   '""f"^  ^"^^^  sections  and  drags  were 
meaoured  by  the  wake- survey  method.. 
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All   tests  were   run  at   tunnel  Mach  nuinbers   less 
than   0„2,      Measurements   v>?ere  made   at   atmospheric   pressure 
in  the   LTTj    and   at    tunnel   pressures   of    lii.7j    50 j>    h5 >    63^ 
and  67   pounds   per    square   inch  absolute   in  the   TDT . 

Corrections   for   the    effects   of   tunnel-vmll   interfer- 
ence  and  air-stream   constriction   were   applied   to   the 
model   as   follov/s: 

c^   =   0.998    c,' 

c^  =  0.999    c^' 

where  the  primed  quantities  represent  the  values  obtained 
in  the  tiinnel. 


RESULTS  AND  DISCUSSION 

Lift  characteristics  for  the  NACA  65z-Ul8,  a  =  1.0 

airfoil  section  at  various  Reynolds  numbers  v/ith 
two  degrees  of  leading-edge  roughness  are  presented  in 
figure  2  and  the  drag  characteristics  are  presented  in 
figure  3=   In  figure  2(a) ^  in  which  data  are  presented 
for  the  Kiodel  having  0 .0003c-diaineter  grains  on  the 
leading  edge,  a  pronounced  jog  in  the  lift  curve  is 
noticeable  at  a  lift  coefficient  of  O.9  at  a  Reynolds 
number  of  0,50  ^  10° .   In  reference  3  such  a  jog  was 
found  to  be  associated  with  a  region  of  laminar  separa- 
tion just  behind  the  leading  edge  of  the  wing.   The  fact 
that  a  jog  occurred  in  the  present  tests  indicates  that 
this  degree  of  roughness  did  not  completely  eliminate 
lajninar  flow  at  the  leading  edge  until  a  Reynolds  number 
between  O.5O  and  0.75  ^   lOo  was  attained. 


Prom  figures  2(b)  and  2(c),  in  Vvhich  data  are  pre- 
sented for  the  model  having  0 ,0007c-diameter  grains  on 
the  leading  edge,  no  jog  occurred  in  the  lift  curve  at 
Reynolds  numbers  greater  than  0o55  ^  I06 .   Tliis  degree  of 
roughness  therefore  probably  eliminated  laminar  flovv     ^ 
entirely  at  a  Reynolds  number  between  0.35  ^^d  O.5O  x  IQti 

Curves  showing  the  variation  of  ma:cimum  lift  coeffi- 
cient and  lift-curve  slope  with  Reynolds  number  are  pre- 
sented in  figure  [1.  and  the  variation  of  drag  coefficient 
at  the  design  lift  coefficient  with  Reynolds  number,  in 
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figure  5=   Application  of  roughness  to  the  leading  edge 
of  the  airfoil  caused  values  of  the  i-iaximum  lift  coeffi- 
cient and  the  lift-curve  slope  that  v/ere  substantially 
lower  than  the  values  for  the  sraooth  airfoil  (fig.  k)  • 
The  maxirauni  lift  coefficients  and  the  lift-curve  slopes 
are  predominantly  lower  than  those  for  the  smooth  wing 
throughout  the  test  range  of  Reynolds  number,  and  there 
is  a  critical  Reynolds  number  at  which  the  maximum  lift 
coefficient  decreases  noticeably  and  the  lift-curve  slope 
decreases  rapidly.   Figure  5  shcft's  that  at  this  critical 
Reynolds  number  a  sharp  increase  in  the  variation  of  the 
drag  coefficient  at  the  design  lift  coefficient  with 
Reynolds  number  also  occurred.   The  lift-curve  slope 
decreases  rapidly  and  the  drag  coefficient  at  the  design 
lift  coefficient  increases  sharply  at  a  Reynolds  number 
of  approximately  0,70  x  lo6  for  the  0 .OOOJc-diameter  grain 
roughness  and  of  aprjroxlmately  O.5O  x  I06  for  the 
G.OOOYc-diaraeter  grain  roughness.   At  a  Reynolds  number 
of  1.0  X  106,  however,  the  differences  in  values  of  the 
lift-curve  slope  and  of  the  drag  coefficient  for  the 
two  degrees  of  rougiiness  disappear,  and  at  greater 
Reynolds  numbers,  within  the  accuracy  of  the  results,  the 
values  of  these  quantities  appear  to  be  independent  of 
the  sizes  of  the  roughness  for  vmich  data  are  presented. 

The  lift- curve  slopes  in  figure  ii.  also  show  that  for 
the  0 .OOOJc-diameter  grain  roughness  the  lift-curve  slope 
is  essentially  the  same  as  for  the  smooth  viflng  up  to  a 
Reynolds  number  of  at  least  O.5O  x  10 6,   This  degree  of 
roughness  probably  brought  about  no  significant  changes 
at  low  lift  coefficients  in  the  development  of  the 
boundary  layer  from  that  existing  on  the  smooth  wing  up 
to  a  Reynolds  number  of  0 . pO  x  IQo .      Because  the  maximum 
lift  coefficient  for  this  degree  of  rouglxness  was  lov/er 
than  that  for  the  smooth  wing  throughout  the  entire  range 
of  test  Fieynolds  numbers,  the  roughness  probably  did 
induce  some  change  in  the  nature  of  the  flow  at  high  lift 
coefficients . 

With  the  0  oOOOyc-diameter  I'ougloness  grains,  the  lift- 
curve  slope  and  maxim.um  lift  coefficient  were   greater  than 
those  of  the  smooth  wing  at  a  Reynolds  number  of  O.25  x  10°, 
but  at  Reynolds  numbers  greater  than  O.5O  x  106  these 
quantities  were  lower  than  those  of  the  smooth  airfoil 
for  both  degrees  of  rougiiness.   The  reason  for  this  phe- 
nomenon is  not  readily  evident.   There  is  a  possibility, 
hov/ever,  that  at  a  Reynolds  number  of  0.25  ^  10^  the 
roughness  was  not  large  enough  to  destroy  the  laminar 
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flov/  entirely  but  was  large  enough  to  prevent  laminar 
separation  behind  the  minimum  pressure  point.   A  boundary- 
layer  velocity  distribution  woiild  result,  therefore,  which 
would  be  different  from  both  the  smooth  flow  condition 
and  the  smaller  roughness  condition. 

Figure  k  shows  that  at  Reynolds  numbers  between  1.0 
and  3*0  ^  10^  the  maximum  lift  coefficients  were  less  than 
those  of  the  smooth  wing  by  approximately  O.lii  and  0.20 
for  the  O.OOOJc-  and  0 .00C7c-diameter  roughness  grains, 
respectively.   At  a  Reynolds  number  of  1.0  x  10^,  the 
lift- curve  slope  of  the  rough  wings  v/as  2l|.  percent  less 
than  that  of  the  smooth  wing,  but  at  a  Reynolds  number 
of  3.0  X  100,  a  decrease  due  to  roughness  of  approximately 
12  percent  in  lift- curve  slope  was  found.   A  constant 
increment  in  drag  coefficient  at  the  design  lift  coeffi- " 
cient  due  to  roughness  of  approximately  100  percent  viras 
found  (fig>  5)  s.t  Reynolds  numbers  between  1.0  and  ^  .0   x   I06. 


CONCLUSIONS 


A  com.parison  of  results  of  tests  of  the 
NACA  65^-irl8,  a  =  1„0  airfoil  section  for  a  range  of 

Reynolds  number  from  0  =  2;^  to  5-0  ^  10°  with  roughness 
grains  having  average  diameters  of  O.OOO3  and  O.OOO7  air- 
foil chord  (0.0003c  and  O.OOOyc)  with  results  of  previous 
tests  of  the  smooth  wing  led  to  the  following  conclusions; 

1.  Maximum  lift  coefficients  of  the  airfoil  with 
roughness  -were  generally  lower  than  those  obtained  on  the 
smooth  airfoil  section  throughout  the  test  Reynolds  number 
range.   At  a  Reynolds  number  of  1.0  x  106  the  maximum  lift 
coefficient  for  the  smooth  wing  was  reduced  from  a  value 
of  1.19  to  1.05  and  O.99  by  the  0.0003c-  and 

0 oOOCYc-diameter  grains,  respectively. 

2.  There  is  a  critical  Reynolds  number  at  which  the 
lift-curve  slope  decreases  rapidly  and  the  drag  coeffi- 
cient increases  sharply  depending  upon  the  size  of  the 
roughness.   This  critical  Reynolds  number  was  approxi- 
mately 0.70  and  0.50  X  106  for  the  0.0005c-  and 

0  .0007c-diaiiieter  grains,  respectively. 

5.  With  rougliness,  at  a  Reynolds  number  of  1.0  x  106, 
the  lift- curve  slope  was  O.O86  and  the  drag  coefficient 
at  the  design  lift  coefficient  was  O0OI5S  v;hereas  the 
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corresponding  values  for  the  sniooth  airfoil  section 
were  O.II6  and  O.OC77>  respectively.   At  Reynolds  numbers 
greater  than  1.0  x  10°  the  changes  in  lift-curve  slope 
and  drag  coefficient  were  nearly  independent  of  the  sizes 
of  the  roughness  for  the  tv^o  degrees  of  rougliness  for 
which  the  effects  were  measured. 

U-.    Large  variations  in  the  lift  and  drag  character- 
istics of  the  airfoil  were  found  in  the  range  of  Reynolds 
number  between  O.23  and  1.0  x  10°.   At  Reynolds  numbers 
greater  than  1.0  x  106,  the  scale  effect  on  the  lift  and. 
drag  characteristics  of  the  section  with  both  degrees  of 
roughness  was  generally  in  the  saine  direction  as  the  scale 
effect  on  the  characteristics  of  the  smooth  airfoil. 

Langley  Memorial  Aeronautical  Laboratory 

National  Advisory  Committee  for  Aeronautics 
Langley  Field,  Va . 


REFERENCES 


1.  Quinn,  John  H.,  Jr.,  and  Tucker,  V.arren  A.:   Scale  and 

Turbulence  Effects  on  the  Lift  and  Drag  Character- 
istics of  the  KAGA  65^-1+18,  a  =  1.0  Airfoil  Section, 

NACA  ACR   No.    l1;H11,    1914^- 

2.  Abbott,    Ira   H. ,    von   Doenhoff,    Albert   S.,    and   Stivers, 

Louis    S.,    Jr.:      Sunraary  of   Airfoil   Data.      NACA  ACR 

No.  L5C05,  19J+5. 

3.  von  Doenhoff,    Albert   E.,    and  Tetervin,    Neal:      Investi- 

gation of   the   Variation  of   Lift   Coefficient  with 
Reynolds   Niomber   at   a  Moderate  Angle   of   Attack  on  a 
Low-Drag   Airfoil.      NACA   CB,    Nov.    19i|2. 


COLIPIDENTIAL 


Digitized  by  tlie  Internet  Arcliive 

in  2011  witli  funding  from 

University  of  Florida,  George  A.  Smathers  Libraries  with  support  from  LYRASIS  and  the  Sloan  Foundation 


http://www.archive.org/details/effectsofreynoldOOIang 


NACA    CB    No.    L5J04 


Fig.     1 


< 


Q 

1 — I 

z 

O 

o 


c 

o     . 
■H    <D 

O  T3 

to 

O    T3 

O 
O   +3 


rH    T3 

Q) 

II      -H 

rH 

0)  (X 

(X 

00 

i-H     CO 

■*  c 

I     -H 
lOOj 

to  u 
(O   bo 

<  to 
o  to 

z  c 

<M    bo 

O    3 

O 

ex 

Ui  0) 

bo  4^ 

O  0) 

•^  E 

0  nj 

Xi   -H 

CU  T3 

I 

1  o 
•   C-- 

.-I  o 
o 

0)  o 
u  • 
3  O 
bo 


< 


Ed 
Q 


Ct. 


O 


NACA    CB    No.    L5J04 


Fig.    2a 


H  HCM  C\J  rov 


Q  QOO  t>  A  V  -^ 


jt 

— 

.a  3  _ 

V)  o 

is" 

is 

n 

Q 

^- 

_- 

- 

\ 

\ 

\l 

\ 

\ 

,- 

— ^ 

\ 

\ 

^ 

^1 

^ 

■M, 

\ 

~i^ 

\ 

^ 

/' 

s 

"^ 

'i 

% 

\ 

^d. 

Nil 

\ 

N^ 

^ 

\ 

>- 

M^ 

Sj 

\ 

^ 

^ 

\ 

Vi 

■^ 

X 

\ 

'^^ 

*»-> 

-^ 

k 

-^ 

^ 

^ 

\ 

»-v 

N 

V 

V 

fi  1 

-^ 

■a- 

s, 

>v. 

\ 

^ 

•^ 

-^ 

. 

Sk 

^ 

^ 

K, 

V 

Sv 

^ 

\ 

^1 

■H 

K 

S 

Ni 

sl 

»-. 

k 

t^ 

\ 

s 

^1 

N 

^ir 

V 

^1 

Vi 

> 

N 

>K 

f 

1 

r>^ 

■\ 

^g 

V 

«< 

> 

"^ 

^ 

«^ 

^ 

I, 

\, 

— 

li 

■^ 

N 

~-J 

K 

-1 

V 

"^ 

k 

< 

^ 

^ 

i 

1- 

7 

-^ 

o^ 

n 

Q. 

■<1, 

\ 

z 

Li. 

-Q 

9 

3 

c 

%- 

1. 

r 

~^ 

>, 

^ 

Sn 

:J 

^ 

^ 


■e 


°? 


"? 


•d. 


<e 


°? 


j3 
o   c 


o  j3 


"i  ffl 

C     01 


Eh 


aj    o 


'o       '^U9-[0TJJ900    ^j-[i   uot^oss 


Fig.    2b 


NACA    CB    No.    L5J04 


< 

z 

hJ 

a 


O 
(J 


o 


K\Lf^O  O  CTN 


Q    C3O0    l> 


O 


o 

bO 
•H 

■a 


OS 


4J 

-p 

3 

+3 

ID 

C 

-)- 

OJ 

1 

•H 

-P 

t^ 

•H 

C 

o 

•a 

1 

O 

o 

o 

i-i 

t^ 

to 

o 

1 

§ 

o 
o 

"^n 

c 

o 

0 

o 

fn 

•P 

to 
c 

a 

o 

■H 

•H 

o 

> 

ta 

w 

CO 

CT 

c  J- 

•H 

■P 

.H 

n 

<D 

«> 

T) 

-p 

O 

o 

a 

H 
&< 

^o      '^UQfOTJjeoo   cij-fx   uofcioes 


NACA    CB    No.    L5J04 


Fig.    2c 


t-i  HCM  CM  K^ 


O  □  0<    E>  A  V  ^ 


3 


'O        '5U910TJJ8Q0     a.ITT    UOTIfiQO 


Fig.  3a 


NACA  CB  No.  L5J04 


o 


-p 
c 

ID 
•H 

O 
ri 
<M 

® 

o 
o 

bO 
a) 

c 
o 

•H 
-P 
O 

© 
CO 


X  0  j+" 

Section  lift  coefficient,   Cj 

(a)  Model  having  O.OOOJc-diameter  grains  applied  to  leading  edge. 
IDT  test  867. 

Figure  5.-  Variation  of  section  drag  coefficient  c^     with  section  lift 
coefficient   c^   for  the  NACA  65J-I4.18  airfoil  section  having  two  degrees 
of  leading-edge  roughness.  Model  chord,  6  Inches. 
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T5  0  li^ 

Section  lift  coefficient,      c. 


(b)     Model  having  O.OOOYc-dlameter   grains   applied 
to   leading  edge.      IDT  teat  875. 


Figure  3.-  Concluded. 
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